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Tandem mass spectrometry has been used to study the collision-induced decomposition of 
[M + Na]+ ions of permethylated oligosaccharides. It is shown that many linkage positions 
in one compound may be determined by the presence or absence, in a single spectrum, of 
specific fragment ions that arise from the cleavage of two ring bonds and that the yield of 
such ions depends strongly on the collision energy and nature of the collision gas. In contrast 
to the behavior of monolithiated native oligosaccharides, the collision-induced decomposi- 
tion of the sodiated and permethylated oligosaccharide samples at low energy leads to 
preferential cleavage of glycosidic linkages. At high collision energies, the fragment ions 
formed by cleavage of more than one bond are greatly enhanced, especially when helium is 
replaced by argon as the collision gas. Furthermore, argon is the more efficient collision gas 
in inducing fragmentation of the precursor ions. As an example of the application of this 
method, the discrimina tion between the 1 + 3 and 1 -+ b-linked mannose residues in the 
common core of N-glycans is described. (1 Am Sot Mass Spectrom 1993,4, 197-203) 
A decisive advance was made for the struc- tural elucidation of oligosaccharides with the simultaneous developments of gas 
chromatography/mass spectrometry (GC/MS) inter- 
facing [l] and Hakomori’s methylation procedure [2]. 
Indeed, the combination of these two techniques 
enabled the identification of linkage positions by elec- 
tron ionization mass spectrometry (EIMS) of partially 
methylated and acetylated alditols 131. At the same 
time, the fragmentation schemes for derlvatized 
oligosaccharides were intensively studied by Biemann 
et al. [4] and by Chizhov and Kochetkov [5, 61; this 
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work has been extensively reviewed by Lonngren and 
Svensson 171. Numerous recent studies have also 
demonstrated the interest in the use of fast-atom bom- 
bardment (FAB) [ 81 or liquid secondary ionization mass 
spectrometry (LSIMS) [9] ionization combined or not 
with tandem mass spectrometry (MS/MS) in the deter- 
mination of the sequences and branching patterns of 
native or derivatized oligosaccharides [lo-171. Fur- 
thermore, several different types of precursor ions such 
as [M + H]+ [E-24], [M - HI- [25], [M + Li]+ [19, 
261, and [M + 2Li - HI+ [27], as well as major frag- 
ment ions occurring in the FAB source [18, 251, have 
been used to demonstrate that FAB-collision-induced 
dissociation (CID) MS/MS may also be used to dis- 
criminate between linkage positions in oligosaccha- 
rides. Most of the latter results were obtained from 
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MS/MS experiments on disaccharides or oligosaccha- 
rides containing up to four glucose residues. The pro- 
posed mechanism for the production of the ions giving 
rise to the diagnostic peaks involves the breaking of 
two ring bonds and requires the opening of the reduc- 
ing linkage as the first step. Retro-aldol or retro-ene 
isomerizations then promote the loss of neutral frag- 
ments containing two, three, or four carbon atoms 
from the reducing sugar, depending on the linkage. In 
infrared laser desorption mass spectrometry, the same 
mechanism is thought to be responsible for the 
observed fragmentation of saccharides by the thermal 
opening of the reducing sugar during the irradiating 
pulses [28]. 
Once the optimum conditions were established, the 
method was used to discriminate between the 1 + 3 
and 1 -j 6 branches in oligosaccharides having the 
common core structure of N-glycans. 
Experimental 
Materials 
All oligosaccharides used in the present work were 
purified in the laboratory from biological fluids and 
characterized by NMR spectroscopy. The Galpl- 
6Gal~1-4GlcNAc~l-2Mancul-6Manf3l-4GlcNAc 
(sample 1) and the biantennary Gal pl4GlcNAcPl-2 
Man al-3jGlcNAc pi-2Man cYl-6lMan fi I-4GlcNAc 
(sample 2) were purified from the urine of a patient 
who had GM1 gangliosidosis. The Gal /3 l-4GlcNAc fl l- 
2Mancrl-6Manfil4GlcNAc (sample 3) and the GalPl- 
4GlcNAc pl-2Manrul-3ManP I-4GlcNAc (sample 4) 
were isolated from the urine of a patient who had 
Morquio disease. The NeuAca2-6Gal/3 1-4GlcNAc p l- 
3Gal/31-4Glc (sample 5) was purified from human 
milk. 
If the [M + H]+ ions of oligosaccharides, especially 
those of higher relative molecular mass (M,), are 
enhanced by derivatization, the CID of such ions leads 
mainly to fragmentation at the glycosidic bond with- 
out significant cleavage of two ring bonds [lo, 131; 
however, information on the linkage positions may be 
obtained by CID of peracetylated disaccharides and 
pentasaccharides [23, 241 or permethylated trisaccha- 
rides [18-201, and the well-described specific elimina- 
tion of the three-linked substituent (OCH, or sugar) on 
N-acetylglucosamine (G~cNAc) is also of great interest 
[ll, 19,231. The spectra obtained by CID of cationized 
and permethylated oligosaccharides also furnishes use- 
ful information from which it is possible to identify 
with certainty the 2 + 3 and 2 + 6 linked Neu5Ac 
and, in addition, the 1 + 3- and 1 + 4-linked hexose 
with an N-acetylhexosamine [29]. The differences in 
the mass spectra given by the 2 + 3 and 2 --t 6 sialyl 
linkages were attributed mainly to the ability of the 
2 + 6 branch to chelate the cation, thereby leading 
preferentially to the production of nonreducing end- 
product ions. The work of Lame et al. [18, 201 on the 
differentiation of linkage isomers is also based on 
likelihood of cleavage of more hindered bonds. Dis- 
crimination between the 1 + 3 and 1 + 4 linkages was 
based on the specific elimination of the substituent 
linked on the carbon 3 atom, as mentioned previously, 
together with the fragments arising from the breaking 
of the two ring bonds. 
The aim of the present work was to determine the 
optimum conditions for the production of these spe- 
cific fragments. The influence of changing the collision 
energy from low energies ( < 100 eV) to high energies 
(4 keV) was investigated. At high energies, the influ- 
ence of the nature of the collision gas on the CID of 
[M + Na]+ ions was investigated. Most reports of the 
CID of ions derived from oligosaccharides and pep- 
tides indicate that helium has been used as the colli- 
sion gas, but recent studies indicate that significant 
differences may be observed in the spectra arising 
from the CID of (M + H)+ peptides if helium is 
replaced by a heavier collision gas, such as argon or 
xenon [30-341. The heavier collision gas promotes the 
formation of ions that require multiple bond cleavage 
for their formation. 
For each run, 5 pg of the permethylated oligosac- 
charide sample was placed on the probe tip, allowed to 
dry, and then mixed with 2 @L of a 1:l mixture of 
thioglycerol/glycerol saturated with NaI. 
Tandem Mass Spectromet y 
The low-energy CID experiments were carried out on a 
Finn&an-MAT (San Jose, CA) TSQ 70 instrument. An 
Ion Tech FAB gun gave a primary beam of xenon at 
8 keV and 0.4 rnA. The CID of the [M + Na]+ precur- 
sor ion was performed with xenon at 0.8 mtorr (uncor- 
rected gauge reading) in the rf-only collision cell. 
High-energy CID spectra were obtained in Warwick 
and Lille on identical Kratos Concept II HH four- 
sector tandem mass spectrometers of EBEB geometry 
(Manchester, England). Ions were produced by using 
an Ion Tech FAB source with 8-keV xenon atoms and 
then accelerated with a voltage of 8 kV. The “C ion in 
the isotope cluster of the [M + Na]+ was selected by 
MS-I and was subjected to CID into the collision cell 
floating at 4 kV above ground potential. Either helium 
or argon was used as collision gas, the precursor ion 
beam being attenuated by 80% in each case. When 
switching from one collision gas to the other, care was 
taken to eliminate cross-contamination of the colhsion 
gas by successively evacuating the gas inlet line and 
flushing it out with the new collision gas. The CID 
mass spectra were acquired by means of a linked scan 
of the electric and magnetic field strengths, E, and B,, 
respectively, of MS-II under the control of the DS90 
data system. Each mass spectrum is the average of 10 
scans. The relatively large amount of sample used in 
each case, together with the cooling of the probe [35], 
ensured that the intensity of the precursor ion beam 
remained constant. 
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Results and Discussion 
Abundant oxonium fragment ions are observed in 
the normal FAB spectrum [lo-121 as products of 
metastable transitions and as products of the CID of 
[M + H]+ ions of derivatized oligosaccharides. 
Although such ions are very useful for determining 
sequencing and branching patterns, no further infor- 
mation on different linkage positions can be obtained 
except for the 1 + 3, 1 + 4 [18-20, 231, and 1 + 6 
11%201 linkiig of N-acetylhexosamines. 
In contrast, very different behavior is observed for 
]M + Nal+ ions of permethylated oligosaccharides. No 
significant metastable decompositions of these ions are 
observed, suggesting the stability of such adduct ions 
compared with the [M + HI* counterpart, as men- 
tioned previously by several authors 117, 19, 201. Thus, 
although the [M + H]+ ions are absent, the FAB mass 
spectra obtained with 0.05 M NaI in the matrix still 
contain intense peaks attributable to oxonium ion 
fragments, whereas these peaks are absent when the 
concentration of NaI is 1 M or greater. The spectra 
produced by the CID of [M + Na]+ ions, however, 
contain many peaks arising from cationized product 
ions. We show more particularly that the relative yields 
of some specific ions originated from multiple bond 
cleavages are strongly dependent on the collision 
energy and target gas. 
For the designation of these product ions, the 
nomenclature proposed by Domon and Costello [36] 
has been adopted. To clarify the fragmentation 
schemes, only the two bond ring cleavages will be 
indicated. The B’, C’, Y’, and Z’ fragments correspond 
to B, C, Y, and Z fragments, with elimination of a 
methoxyl group. 
The mass spectrum given by the CID of the [M + Na]* 
ion of permethylated oligosaccharide 1 at a collision 
energy of 20 eV in a triple quadrupole mass spectrom- 
eter is shown in Figure la. The main features of the 
spectrum are peaks due to Y (m/z 504,708,953) and C 
(m/z 259, 463, 708, 912) ions that arise from fragmen- 
tation of the glycosidic bonds. The only two peaks that 
arise from ions formed by the cleavage of two ring 
bonds are those at m/z 329 and 533 due to the 3,5A2 
and 3’5A3 fragments respectively. These observations 
are in striking contrast to those reported for the low- 
energy CID of cationized native oligosaccharides, the 
spectra of which contain intense peaks due to product 
ions that arise from cleavages of the sugar ring [26,27]. 
On the other hand, many peaks due to fragmenta- 
tion of the sugar ring are observed in the spectrum 
given by high-energy (4 keV) CID of the same 
oligosaccharide with argon as the collision gas (Figure 
lb, Scheme I). The i’5Xi series of ions (m/z 328, 532, 
736, 981, 1185) is particularly useful for the determim- 
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Figure 1. CID spectra of the (M + Na)’ ion of permethylated 
Ga1/31-6Ga1/31-4G1cNAc/31-2Manu1-6Man/314G1cNAc (sample 
1) obtained at low collision energy (20 eV) (a) and high collision 
energy (4 keV) (b) with argon as the collision gas. 
tion of the sequencing and branching patterns, whereas 
the ‘,*Xj, 3’5Ai, 0r4Ai, and is3Ai product ions are of 
considerable interest in helping to identify the position 
of linkage (see later). Moreover, two ions at m/z 442 
and 1095 are observed, which indicates a cleavage 
between the carbon atoms 5 and 6 of a six-substituted 
sugar, with the elimination of a methoxyl group. 
Therefore, by analogy with the nomenclature of Domon 
and Costello [36], and also to avoid any confusion with 
the E oxonium type ion described by Chizhov and 
Kotchekov [5, 61 in EIMS of substituted carbohydrates, 
we propose to designate this cleavage as Wi. 
Scheme I. Fragmentation pattern of permethylated sample 1 
obtained by CID of (M + Na)+ ion; R = CH,. 
200 LEMOINE ET AL J Am Sot Mass Spectrom 1993,4,197-203 
Influence of the Nature of the Collision Gus 
Many studies [30, 31, 33, 341 have shown that the use 
of a collision cell floated at 4 kV above earth potential, 
resulting in a collision energy of 4 keV, is a good 
compromise in giving a sufficient yield of product ions 
and efficient collection of low-mass ions without sig- 
nificant loss of transmission between MS-I and MS-II. 
Under these conditions, even for precursor ions of 
M, < 1000, there is a marked change in the relative 
abundances of fragment ions on switching from helium 
to argon as collision gas. The most significant changes 
are a decrease or total lack of Y fragments and a 
considerable increase in the abundance of ions arising 
from multiple bond cleavages. For example, in the 
spectrum given by CID of the [M + Na]+ of per- 
methylated sample 5 (Figure 2a, Scheme II) with helium 
as the collision gas, the predominant fragment ion is 
the Y2 fragment ion at m/z 463. When helium is 
replaced by argon (Figure Zb), the relative abundance 
of this ion falls considerably The peaks due to the 
3’5A1 fragment at m/z 486, “A2 at m/z 458, and W, 
at m/z 850, present in the spectrum given by argon 
and specific for a 2 + 6-linked NeuIAc compound, are 
weak or absent in the spectrum obtained using helium 
as the collision gas. 
Similarly, the abundances of the product ions rela- 
tive to that of the precursor ion are much greater when 
helium is replaced by argon as coIlision gas (compare 
Figure 2. CID spectra of the (M + Na)+ ion of permethylated 
NeuAca2-6Gal~1-4GlcNAc~1-3Gal/31-4Glc (sample 5) obtained 
with 4 keV collision energy using helium (a) and argon (bb) as the 
collision gas. 
Scheme II. Fragmentation pattern of permethylated sample 5 
obtained by CID of (M + Na)* ion; R = CH,. 
the relative multiplication factors). These observations 
support the conclusions recently reported by Bordas- 
Nagy et al. [33, 341 for peptides of M, > 1500: The use 
of argon rather than helium results in more efficient 
fragmentation of the precursor ion and also leads to an 
enhancement of fragmentations that require cleavage 
of more than one bond, indicating the deposition of 
increased amounts of internal energy. 
The strong influence of the collision energy and the 
nature of the collision gas on the yields of ions that 
result from the cleavages of two ring bonds indicate 
the importance of the amount of internal energy 
deposited in the precursor ion during the collision in 
leading to the formation of these ions. 
First, a comparison at low energy of the fragmenta- 
tion of natriated permethylated oligosaccharide with 
the underivatized monolithiated adduct [26] shows 
that the reaction mechanism consisting of a ring open- 
ing followed by either retro-ene or retro-aldol reactions 
does not occur, as predicted, after methylation. Indeed, 
in the present work, this reaction is prevented by 
methylglycosylation of the reducing sugar. A similar 
effect of methylation was observed by Laine et al. [18, 
201. Consequently, the two observed two ring bond 
cleavages, the 3’sA2 and 3,5A3 fragments, cannot be 
accounted for by this mechanism. 
Second, the striking difference between the mass 
spectra produced at low and high collision energies 
indicates that two distinct fragmentation processes 
occur: The cleavage of the glycosidic linkages is favored 
at low collision energy, whereas the cleavage of two 
ring bonds is predominant at high collision energy, 
requiring the deposition of higher amounts of internal 
energy than is available in triple-quadrupole mass 
spectrometers. 
Third, the presence in the spectra of both reduc- 
ing and nonreducing end-product ions supports the 
involvement of different fragmentation mechanisms, 
because the fragmentation pathways described for 
monolithiated native oligosaccharides lead only to 
nonreducing product ions [26]. 
In light of this, if one considers the strong stability 
of the sodium adduct, it is not inconceivable that A-, 
W-, and X-type fragments are formed in a charge- 
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remote fragmentation process [371. In this case, each 
CID spectrum may represent the sum of a set of 
charge-remote fragmentation reactions due to potential 
cationizations at the different glycosidic linkages. This 
interpretation is supported by the fact that all product 
ions are cationized, and it is well known that charge- 
remote fragmentation occurs more readily under high- 
energy CID conditions. 
To explain the observation of peaks arising from 
both lf5Xj and 0r2Xi types of ions, and from both 
reducing and nonreducing end cleavages in the CID 
spectra described previously, we propose two decom- 
position pathways that involve the six-membered ring 
of the sugar cycle (Scheme III). Decompositions3$at 
follow path A should lead to the formation of ’ A, 
fragments common to both 1 + 4 and 1 * 6 linkages 
and ‘,3Ai ions common to both 1 + 3 and 1 + 2 link- 
ages. Similarly, decompositions that follow path B 
should lead to the formation of the Or4Ai fragment for 
the 1 + 6 linkage and z*4Ai fragments for both the 
1 + 3 and 1 + 4 linkages. Support for these postulates 
is presented later. 
The previous observations make it clear that high- 
energy CID coupled with the use of a heavy collision 
gas, such as argon or xenon, is a promising method for 
the determination of linkages in sodiated and per- 
methylated oligosaccharides. One interesting point to 
underline is that the permethylation induces a shift 
of mass, allowing the 0s4Ai ion to be distinguished 
from the ‘j3A i and z,4Ai ions, whereas, without deriva- 
tization, all of these ions would have the same mass. 
Decomposition pathways, as depicted by Scheme 
IIl, are also proposed by Poulter and Burlingame [14] 
to explain the formation of 2’4Ai and ls5X. ions but 
cannot account for the observation of 2’5Xi, “, ’ X i, and 
2,5Ai product ions in the CID spectra of [M - I-I- ions 
of oligosaccharides or glycolipids. 
Linkage Discrimination 
Many authors have demonstrated the capability of the 
FAB MS/MS technique to distinguish between some 
linkage positions, in oligosaccharides [18-291. The CID 
at 4-keV collision energy with argon as the collision 
Path A Path B 
Scheme IIL Proposed decomposition pathways leading to the 
observed ions arising from multiple bond cleavages. 
gas appears to be a powerful method to obtain more 
information. For example, the isomeric bonds 1 --) 6 
(Scheme IVa, Figure 3a) and 1 + 3 (Scheme IVb, Figure 
3b) that’ link the two mannose residues and which 
correspond to the branching arms of the common :ore 
of N-glycans, are clearly distinguished. The ’ A,, 
3*5A4, and W, ions at m/z 750, 778, and 442, respec- 
tively, characterize the 1 - 6 linkage, whereas the 
low-abundance fragment ls3A4 at m/z 764 is specific 
for a 1 + 3 linkage when correlated with the obseya- 
tion of the peak at m/z 356 arising from the ’ X, 
fragment. Furthermore, if the lT3Ai cleavage is com- 
mon to both 1 * 2 and 1 + 3 linkages, then the 1 --) 2 
linkage may be identified by the absence of 0r2Xi ion. 
This ion is observed for all other types of linkages [e.g., 
with ions at m/z 152 (‘,‘X,,) and m/z 805 (“‘X3) for a 
1 + 4 linkage, an ion at m/z 356 (“‘X,) for a 1 + 3 
linkage, and at lower abundance with m/z 356 (“‘2X,) 
for a 1 + 6 linkage]. The 1 + 4 linkage may also be 
characterized by the potential presence of peaks due to 
the 3,5A i, ‘P4A i, and @2X i fragments in the spectrum. 
An example of an application of the capability to 
distinguish between the two branching bonds is pro- 
vided by the determination of the structures of the 
biantennary glycans. This is illustrated by the identifi- 
cation in sample 2 of the antennae that carry the 
galactose residue in the nonreducing terminal position 
(Figure 4, Scheme V). The occurrence of a ‘*“A., ion at 
a 
Scheme IV. Fragmentation patterns of permethylated sample 3 
(a) and sample 4 (b) obtained by CID of (M + Na)’ ion; R = CH,. 
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Figure 3. CID spectra of the (M + Na)+ ion of permethylated 
GalP l-4GlcNAc~1-ZMan~l-6Man/3 1-4GlcNAc (sample 3) (a) 
and Gal~l-4GlcNAc~l-2Manal-3Man/3I-4GlcNAc (sample 4) 
(b) obtained with 4 keV collision energy with argon as the 
collision gas. 
m/z 764 and the 3’5A4r 0f4A4, and W, ions at m/z 574, 
546, and 1095, respectively, are consistent with a galac- 
tose linked on the 1 + 3 branch. 
The spectra given by the CID of [M + Na]* ions of 
samples 1 and 5 also contain many diagnostic peaks 
that allow one to assign different linkage positions. 
These peaks are summarized in Tables 1 and 2, respec- 
tively. 
M/Z 
Figure 4. CID spectrum of the (M + Na)+ ion of permethylated 
Galpl-4GlcNAcpl-2Manal-3[GlcNAcp I-ZManul-6]Manp l- 
4GlcNAc (sample 2) obtained with 4 keV collision energy with 
argon as the collision gas. 
Scheme V. Fragmentation pattern of permethylated sample 2 
obtained by CID of (M + Na)+ ion; R = CHJ. 
The previous observations clearly indicate that each 
type of linkage may be identified by the presence or 
absence, or both, of various diagnostic peaks that may 
arise from the cleavage of two ring bonds present 
in the glycosidic cycle. The diagnostic fragments are 
summarized in Table 3. 
Conclusions 
The results presented here demonstrate that the per- 
methylation and cationization of oligosaccharide sam- 
ples are advantageous not only on the grounds of 
sensitivity, but also in providing a powerful method of 
identifying many linkage positions from a single CID 
spectrum. These identifications are based on the pres- 
ence or absence, or both, of diagnostic peaks, indicat- 
iug the formation of ions that arise from the cleavage 
of two ring bonds within the glycosidic ring. The 
production of such fragments is probably favored by 
the strong stability of the cation adduct, and their yield 
is closely related to the internal energy deposited into 
the precursor ion during collision. They are essentially 
absent from CID spectra produced under low-energy 
conditions ( < 100 eV). For CID spectra produced under 
high-energy conditions (4 keV), their production is 
greatly enhanced if argon rather than helium is used as 
collision gas; however, because in some cases these 
Table 1. Diagnostic peaks given by CID mass spectrometry of 
the [M + Na] + ion of permethylated sample 1 (collision 
energy 4 keV, argon as the collision gas) 
Fragment 
O.ZXi w, WA, UA, 2,4Ai JSA, 
Gall - 6Gal 1009 1095 329 
Gall --f 4GlcNAc 805 533 
GlcNAcl + 2Man 764 
Man1 + 6Man 442 954 982 
Man1 + 4GlcNAc 152 1172 1186 
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Table 2. Diagnostic peaks given by CID mass spectrometry of 
the [M + Na]+ ion of permethylated sample 5 (collision 
energy 4 keV, argon as the collision gas) 
Fragment 
0,2x w_ 1 I ‘+4; ‘,3A; ‘.*A; 3.5A. I 
NeuAc2 - &al 764 850 458 486 
Gall + 4GlcNAc 560 676 690 
GlcNAcl --) 3Gal 315 921 
Gall --) 4Glc 1125 1139 
Table 3. Potential diagnostic peaks for each position linkage 
given by CID mass spectrometry of the IM + Nal+ ion of 
permethylated oligosaccharides 
Fragment 
Linkage Position czxi w, 0,4& MA, Z/IA; WA, 
1 -r2 - - - + - - 
l-3 + - - + + - 
l-14 + - - - + + 
l-t6 + + + - - •t 
+: presence. -: absence 
specific fragmentations are near the limit of detection, 
one might expect that the new methods of dissociation 
such as surface-induced dissociation or photodissocia- 
tion wiII improve their yield. 
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